Introduction
L-Cysteine participates in a number of biological processes, and plays an important physiological role in living cells. Cysteine is involved in a variety of important cellular functions, among others protein synthesis, detoxification and metabolism. Disorders of cysteine metabolism include cystinosis, an antosomal recessive disease produced by a defect in lysosomal transport and cystinuria, a common heritable disorder of amino acids transport. Altered levels of cysteine have been implicated in hyperhomocysteinemia and in a number of pathological conditions, including Alzheimer's and Parkinson's disease as well as autoimmune deficiency syndrome. Thereby, cysteine is widely used in many pharmaceutical products.
The determination of cysteine in biological fluids, clinical investigations and pharmaceutical preparations is of great importance.
Various analytical techniques for cysteine determination have been established, such as UV-visible absorption spectrometry, 1,2 fluorospectrometry, 3 potentiometric 4 and amperometric 5 detections and chemiluminescent (CL) methods. [6] [7] [8] However, up to now, no reports based on electrochemiluminescence (ECL) have appeared in the literature.
ECL is a special form of CL in which light emission is generated by electrolysis. 9 The ECL technique not only retains the advantages of the conventional CL method, but also offers several additional merits, such as temporal and spatial control over the CL reaction. 10 The ECL reaction can be controlled by alterations to the applied potential on the electrode, because at least one of the reagents which participate in the ECL reaction is produced in situ on the electrode surface. The light emission is concentrated close to the electrode surface, which can be shaped and accurately positioned in relation to the optical measurement system for the maximum sensitivity. Therefore, it has been extensively used in many analytical fields during the last decade. [11] [12] [13] In this study, it was found for the first time that the weak ECL of luminol could be dramatically enhanced in the presence of a trace amount of cysteine.
Based on the enhancement phenomenon, a flow-injection method for the determination of cysteine has been well developed, and has been successfully applied to determine cysteine concentrations in pharmaceutical preparations.
Experimental

Reagents
Luminol was purchased from Fluka (> 98%) and used without further purification. L-Cysteine was obtained from Shanghai Chemical Reagent Company. A 0.01 mol/l luminol stock solution was prepared by dissolving 0.0886 g of luminol in a small amount of 0.1 mol/l NaOH solution; the final volume was made up to 50 ml by distilled water. Different concentrations of luminol were diluted serially with 0.1 M sodium borate buffer. L-Cysteine solutions were prepared in distilled water just before the experiment. All other reagents were of analytical grade or better, and used without purification. Water was purified in a Milli-Q system (Millipore, Bedford, MA).
Apparatus
A schematic diagram of the flow-injection analysis system used in the studies described here is presented in Fig. 1 . The carrier (water), luminol and sample solutions were delivered through the system by a peristaltic pump. Injection was made using a six-port valve injector equipped with a 120 µl injection loop. A thin ECL flow cell, which is shown in Fig. 2 , consisted of a polytetrafluoroethylene (PTFE) block fitted with a working glassy carbon electrode (6 mm in diameter) and a plexiglass window. A 0.5 mm thick PTFE film (spacer) was inserted between the electrode and the plexiglass. An Ag/AgCl reference electrode and a stainless-steel counter electrode were also assembled in the flow cell. The entire flow cell was placed in a light-tight box. A quartz optical fiber bundle was used to collect and transport the light emission. One end of the optical fiber bundle was directly faced to the working electrode separated by a plexiglass window; the other end was set in front of a photomultiplier tube (PMT) of a luminometer constructed in this laboratory. All ECL measurements (expressed in arbitrary units, a.u.) were recorded on an X-Y-t recorder. A BI-PAD Model potentiostat (Tacussel, France) was used to maintain the potential so as to induce electrochemiluminescence.
The absorption spectrum was obtained at a UV-240 spectrophotometer (Shimadzu, Japan). Cyclic voltammograms were performed on a CHI 660 working station (CHI Instruments Inc., USA). The ECL spectrum was measured with a Model SPEX FL-2T2 spectrofluorometer (SPEX, USA)
Procedure
As depicted by Fig. 1 , a luminol solution contained in 0.1 mol/l borate buffer and a carrier solution were pumped by the peristaltic pump continuously at 2.5 ml/min to the mixing valve. The merged stream was then introduced into the ECL flow cell while a suitable positive potential was applied to the electrode by the potentiostat. A continuous blank signal of luminol ECL was observed. An L-cysteine solution was injected into the carrier stream by the injector when the blank signal tended to stabilize. The ECL signal was recorded and the concentration of cysteine was quantitated by the peak height of the enhanced ECL intensity above the blank signal (defined as ∆I).
Results and Discussion
Mechanism of ECL enhancement in the presence of cysteine
In an aqueous alkaline solution containing oxygen, a weak ECL emission of luminol can be triggered by applying a positive potential to the working electrode, even in the absence of hydrogen peroxide.
14 The mechanism of this weak ECL is well known. 15, 16 At the electrode surface, the luminol anion (LH -) is oxidized to an azasemiquinone radical (L· -) (1), which could reduce the dissolved oxygen to produce a superoxide radical (O2· -) (2). Light is emitted following the reaction of the superoxide radical with unreacted azaseniquinone (3 -4):
O2· -+ L· - → AP 2-* + N2 (3)
In a preliminary study, we observed that this weak ECL could be significantly enhanced in the presence of trace amounts of cysteine, as shown in Fig. 3 . In order to verify whether the luminophore originated from the excited state of luminol, the enhanced ECL emission spectrum was measured with a fluorescence spectrometer and compared with that of the typical luminol ECL spectrum. The results showed that the maximum emission wavelength was around 425 nm, which indicated that the luminophore of the proposed luminol-cysteine system was the excited state of 3-aminophthalate (AP 2-*).
For further elucidating the mechanism of the enhanced ECL, the UV-visible absorption spectrum of cysteine and luminol were obtained. The results showed that the absorption spectrum of the mixture system (cysteine and luminol) was exactly the sum of these two individual spectrum, which implied that there were no chemical reactions between the cysteine and luminol molecules before the luminol anion was oxidized at the electrode surface. Therefore, the enhanced ECL of luminol must be caused by chemical reactions between the species generated at the electrode surface. A cyclic voltammogram of cysteine with the glassy carbon electrode further demonstrated that the cysteine molecules were not oxidized under 0.7 V, 17, 18 which was the optimal potential value in this experiment. Therefore, the enhanced ECL must be principally caused by the reaction between the luminol radical and cysteine, which yields the thiyl radical and the luminol anion (LH formation of thiyl radicals is then followed by subsequent reactions involving the formation of dissulfide and H2O2 19, 20 (Reaction 5), 2 L· -+ 2CySH + 2H + + O2  → 2LH -+ CySSCy + H2O2. (5) Then, the ECL of luminol could be greatly enhanced by the produced H2O2 (Reaction 6),
Effect of the electrode potential
The influence of the electrode potential (E) on the enhancement of the ECL intensity (∆I) is shown in Fig. 4 . It can be seen that ∆I increased with an increase of the electrode potential in the range of 0.2 -0.7 V vs. Ag/AgCl reference electrode, and reached a maximum at 0.7 V. Subsequently, ∆I decreased with the increase of the electrode potential. This can be explained because the generated excited 3-aminophthalate (AP 2-*) from luminol anions can be further oxidized at the electrode surface. Therefore, 0.7 V was selected as the optimal electrode potential for the following experimentation.
Effect of the pH
An alkaline media is necessary for the ECL reaction of luminol to occur. The effect of the pH value of the luminol solution on ∆I was investigated in the range of 10.0 -12.5. As illustrated in Fig. 5 , ∆I increased with an increase of the pH value until 11.0, and then began to gradually decrease. Therefore, a pH value of 11.0 was chosen for further study.
Effect of the luminol concentration
The effect of the luminol concentration on the ECL intensity was studied in the range of 5.0 × 10 -6 -2.0 × 10 -4 mol/l. It was observed that the blank signal increased with the concentration of luminol. However, the situation was quite different for ∆I, which is shown in Fig. 6 . The enhanced ECL intensity increased with the luminol concentration in the range of 5.0 × 10 -6 -5.0 × 10 -5 mol/l, and then began to gradually decrease. The results may be ascribed to the reduced production of hydrogen peroxide in Reaction 5 because the increase of luminol concentration consumes dissolving oxygen associated with Reaction 2. Thus, 5.0 × 10 -5 mol/l was chosen as the optimal value for the luminol concentration.
Effect of the flow rate
The influence of the pump speed was also investigated in detail. As shown in Fig. 7 , with an increase of the pump speed, the delivering rate of the reacting species to the flow cell increased, and ∆I also gradually increased and thus the consumption of the reagents. An intermediate pump speed must be compromised between those two opposite factors, and 2.5 ml/min was selected in this study. 
Analytical performance
Under the selected conditions described above, a calibration curve for cysteine was obtained. It showed that the logarithm of the enhanced ECL intensity (∆I) was linearly proportional to the logarithm of the concentration of the cysteine standard solution (C) in the range of 1.0 × 10 -6 to 5.0 × 10 -5 mol/l. The regression equation was log ∆I = 0.47log C + 3.75 with a correlation coefficient of 0.993. The standard deviation was 4.5% for 11 measurements of 1.0 × 10 -5 mol/l cysteine standard solution.
The detection limit at a signal-to-noise ratio of 3 was 6.7 × 10 -7 mol/l. A complete analysis for the determination of cysteine could be performed in 1 min, including sampling and washing.
Interference studies
The effects of foreign species on the determination of cysteine were investigated in detail. The results showed that the tolerable concentration ratios with respect to 1.0 × 10 -5 mol/l cysteine were 1000 for glucose, saccharose, fructose, K + , Na + , Ca 2+ , Mg
2+
; 500 for phenylformic acid, tartaric acid, citric acid, glutamic acid, glycin, Zn 2+ ; 100 for oxalic acid, starch; 50 for alaine, valine, serine, threonine; 10 for cystine, aspartic acid, phenyl alaine, leucine, isoleucine; 1 for proline arginine and lysine; 0.1 for Co 2+ , Cu 2+ , Fe 3+ , Ni 2+ , Mn 2+ and ascorbic acid if the signal variations within 10% were allowed. Serious interference from Co 2+ , Cu 2+ , Fe 3+ , Mn 2+ and Ni 2+ could be effectively eliminated by the addition of a 0.1 mmol/l of EDTA solution.
Sample analysis
In order to access the analytical application of the proposed method, it was applied to determine the concentration of cysteine in commercially available pharmaceutical injections. The samples were diluted appropriately with distilled water before measurements. The results are listed in Table 1 . It can be seen that the detected values agreed well with the nominal values as well as with satisfactory recoveries.
Conclusions
A simple flow-injection ECL detection method for L-cysteine was successfully established based on its enhancement effect on luminol ECL. Because neither a catalyst nor an oxidation species is required in this formula, the presented method is more convenient, and has a comparable analytical result with the proposed CL method. [6] [7] [8] The mechanism of the ECL reaction was provided based on the results of the UV-visible absorption spectrum and cyclic voltammogram experiments in addition to reported conclusions.
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